Pax genes are a group of critical developmental transcriptional regulators in both invertebrates and vertebrates, characterized by the presence of a paired DNA-binding domain. Pax proteins also often contain an octapeptide motif and a C-terminal homeodomain. The genome of Nasonia vitripennis (Hymenoptera) has recently become available, and analysis of this genome alongside Apis mellifera allowed us to contribute to the phylogeny of this gene family in insects. Nasonia, a parasitic wasp, has independently evolved a similar mode of development to that of the wellstudied Drosophila, making it an excellent model system for comparative studies of developmental gene networks. We report the characterization of the seven Nasonia Pax genes. We describe their genomic organization, and the embryonic expression of three of them, and uncover wider conservation of the octapeptide motif than previously described.
Introduction
The jewel wasp Nasonia vitripennis is a hymenopteran that undergoes a long-germ mode of embryogenesis, similar to that of Drosophila. However, this mode of development where all segments are laid down at the same time, was likely acquired independently in the two species after diverging from their last common ancestor an estimated 280 million years ago (Savard et al., 2006) . This similarity prompted the study of genes controlling the early development of Nasonia, and revealed that while many of the genes utilized in flies are also used in Nasonia, and their interactions are preserved, there are significant differences that allow development to proceed in the context of this different embryo (Pultz et al., 1999; Lynch et al., 2006a,b; Olesnicky et al., 2006; Brent et al., 2007) . Since the mode of development shared by flies and wasps converged, these studies have provided the foundation for an understanding of the independent evolution of a derived developmental process from an ancestral one. Comparative studies of additional genes or gene families, particularly those that function at conserved nodes in developmental programmes, have the potential to provide similar information about the life histories of both those gene families and their host genomes.
Gene families like the Hox or Pax families contain multiple genes thought to function as critical regulators in development, and arose through expansions and subsequent diversification of function after gene duplications. These families may arise either by gene duplication within a species, creating a redundant gene without the constraints of performing essential functions, or after a speciation event, when a species is divided into two populations subject to different selective pressures, and thus parallel evolution of similar genes occurs. Sequence homology and phylogenetic analysis help to map the relationships and time-scheme of divergence between genes in such families.
The paired-domain (Pax) family of transcription factors is an ancient gene family whose members play crucial roles in developmental processes such as eye formation and neural development, organogenesis and segmentation (reviewed in (Noll, 1993) . At least four ancestral Pax genes likely existed at the time of the protostome/deuterostome split (700 million years ago) (Noll, 1993; Matus et al., 2007) , making the most ancestral Pax gene even older, and related genes are found in a range of organisms, from cnidarians to humans. Evolution of this family has produced different protein configurations to accompany their diverse functions.
Pax genes were originally identified in Drosophila based on their sequence homology to paralogs of the segmentation gene, paired. Members of the Pax family all contain a DNAbinding domain (the 'paired domain', or PD encoded by a paired box) usually located at the N-terminus, which comprises two subdomains, called PAI and RED (Jun & Desplan, 1996) . The N terminal portion, the PAI domain, is the most conserved region of the PD, and contains three alpha helices used for DNA binding. This is followed by a flexible linker region, and then by the C-terminal RED domain, whose three alpha helices form a second DNA-binding domain (Jun et al., 1998) . Several Pax genes share additional sequence features, including an octapeptide (OP) motif located C-terminal to the PD, whose function is unknown, and an additional whole or partial homeodomain (HD) DNA-binding motif, which can act independently from the PD. This HD is unique in that it carries an S50 at the most critical residue of the DNA binding domain. The Pax proteins are classified by virtue of which types of characteristic structures they possess: The Pax 1/9 group (in vertebrates, called Group I) possesses a PD and an OP, while the Pax B/2/5/8 subfamily (Group II) also has a partial HD. The Pax 3/7 (Group III) and 4/6 (Group IV) subfamilies all have a PD and a complete HD, but only Pax 3/7 proteins also have an OP motif. The Pax A/C group, which includes insect poxn and cnidarian Pax A and Pax C (Matus et al., 2007) , is absent from vertebrates, and its members possess a PD but not an HD. Another group exists in insects and is characterized by the loss of the PAI domain (eyegone group). These characteristic structures permit the rapid identification and classification of Pax genes given genomic sequence data.
Pax genes have been extensively studied in Drosophila, which possesses 10 Pax genes: paired (prd), gooseberry (gsb) and gooseberry-neuro (gsb-n), poxmeso (pox-m), pox-neuro (pox-n), eyeless (ey) and twin of eyeless (toy), eyegone (eyg), twin of eyegone (toe), and shaven (sv). It has been proposed that one ancestral Pax gene encoding only a PD and an OP, gave rise to the pox-m lineage (which may have given rise to pox-n, which also lacks a HD), while another possessing a HD (and presumably an OP) gave rise to the prd/gsb/gsb-n lineage, which duplicated to produce each of the three genes; similar duplications gave rise to the eytoy and eyg-toe gene pairs found in flies. Sequence similarity among these genes is also reflected in their related functions during development. While extensive studies of these proteins in Drosophila allowed for elegant genetic dissection of functions shared by their vertebrate homologs, studies in additional models, including insects, are needed to elucidate the early events in elaboration of this important gene family. Furthermore, studies of Pax gene structure and function in additional insects will permit a greater understanding of how evolution within a single animal order can contribute to novel developmental strategies and morphological diversity.
We report the characterization of the Pax genes of Nasonia vitripennis. The genome sequence of Nasonia has recently been reported (Werren et al., 2010) . We have identified and cloned the seven Pax genes from Nasonia, and used their protein sequences to construct a phylogenetic tree and make assignments to Pax subgroups. We find these genes to include all of the Pax genes found in flies, except gsb and gsb-n, which are closely related to prd, and toe. Expression of three of these genes (prd, sv and ey) is described. Lastly, our analysis reveals a wider conservation of the OP motif in insects than previously reported.
Results
The Nasonia genome assembly v.1.0 was queried for all putative Pax genes using NCBI BLAST. The 128 amino acid PD from Drosophila paired was used as a first ingression into Nasonia sequence, since all Pax genes (and only Pax genes) possess this conserved domain. Seven significant hits with E-values of less than 1e-11 were found. Primers were designed based on Gnomon gene models to attempt to clone full-length cDNAs for sequence alignment and subsequent phylogenetic tree building. Reverse transcription (RT)-PCR from embryo and adult cDNA was performed using these oligos and in three cases, nearly full-length cDNAs were obtained. In other cases, additional oligos were generated and smaller fragments of each remaining cDNA were isolated, all of which (except for sv and eyg) included a complete PD. All cDNA fragments were sequenced and then BLASTed against the Drosophila genome for identification according to sequence homology. The seven Pax genes were identified as paired (prd), shaven (sv), pox-meso (pox-m), pox-neuro (pox-n), eyeless (ey), twin of eyeless (toy), and eyegone (eyg). These assignments were confirmed through phylogenetic analysis (described below). The resulting sequences are schematically represented in Fig. 1 and were used for subsequent analysis, beginning with characterization of sequence and gene structure (schematized in Fig. S1 ; GenBank accession numbers are provided in the Experimental Procedures).
Paired
The first Pax gene to be identified was prd. It is a Pax3/7 group gene whose role in segmentation is thought to pre-date the arthropod lineage (Davis & Patel, 1999) . Like previously described orthologs from a variety of species, Nasonia prd has a complete PD and HD, but lacks an OP. The prd locus (LOC001815436) spans approximately 52 kb of genomic sequence, including a putative exon encoding a 6 amino acid sequence that resembles C-terminal remnant of an OP (VAGYIG). However, this exon was not present in the cDNA fragment that we isolated, although exons predicted upstream and downstream of that putative exon were present. The corresponding interval in the Apis and Drosophila genomes includes two introns and a small exon which are not present in Nasonia prd (or indeed, in the Nasonia genome) and none of the Apis or Drosophila coding sequence resembles VAGYIG. The PD is typically found very close to the amino-terminus of Pax genes as in the case of Drosophila prd, where its PD begins 27 amino acids from its start. Nasonia prd appears to be an exception to this trend, with its PD beginning a surprising 475 amino acids (encoded by two large exons) away from its Nterminus. We isolated only a more C-terminal fragment of this cDNA, including the third, fourth and sixth predicted exons, which we found to be contiguous. The Nasonia prd gene has a PD that is 84% identical and 97% similar to the PD of Drosophila prd and 92% identical to that in Apis.
Prd is a secondary pair rule gene in flies whose early expression depends on gap genes such as Krüppel and primary pair rule genes like even skipped (Gutjahr et al., 1993) . It is also reexpressed later in embryogenesis in the head, where it plays a role in CNS development (Gutjahr et al., 1993) . In the hymenopteran Apis mellifera, prd is expressed in an anterior to posterior progression, in which primary stripes form sequentially and split directly to form secondary stripes (Osborne & Dearden, 2005) . We examined Nasonia prd expression and detected its earliest expression in the precellular blastoderm, where one incomplete stripe is evident before cellularization (Fig. 4A) . By cellular blastoderm stage, this stripe extends completely from the ventral to the dorsal side and has broadened to several nuclei in width (Fig. 2B) . As embryogenesis progresses, stripes are progressively added in an anterior to posterior fashion ( Fig. 2C-E) , and stripes initially alternate between stronger and weaker intensity. This is in contrast to Drosophila prd, whose initial expression is in seven primary stripes before cellularization, and whose secondary segmental expression only alternates in intensity when the secondary stripes first split from primary ones (Gutjahr et al., 1993) . By the time germ band extension in Nasonia is complete, there are 16 equally intense segmental stripes of prd expression (Fig. 2F, G) , corresponding to the 16 segments of Nasonia and resembling the fully extended Drosophila germ band with its 14 segmental stripes (which are fainter). This is in contrast to Apis, where anterior stripes are fading by the time the posterior-most stripes form (Osborne & Dearden, 2005) . After germ band retraction during dorsal closure, prd staining is strongly evident at the anterior in the head of the embryo in both flies (Gutjahr et al., 1993) and Nasonia (Fig. 2H) . Apis exhibits late stage head staining in the labrum (Osborne & Dearden, 2005) .
Shaven
Nasonia sv (or sparkling in Drosophila) is a member of the Pax B/2/5/8 subgroup, and is required in flies for both neuronal and non-neuronal cell types in the eye, and is also expressed in the nervous system (Fu & Noll, 1997; Fu et al., 1998) . Drosophila sv possesses a PD, an OP and a partial HD, which are characteristic of this subgroup. However, the Nasonia sv automated gene models predicted an open reading frame consisting of a single exon encoding 96 amino acids (LOC100120909). We confirmed the presence of this exon, which contains the putative 5′end of the gene. Its sequence indicates that Nasonia sv has lost the highly conserved N-terminal portion of the PD, known as the PAI domain. In flies and beetles, the PAI domain of sv is encoded by a separate exon and splices to the RED domain exon precisely where the PD of Nasonia sv begins, providing a possible explanation for its loss. Other Drosophila Pax genes (gsb and pox-n) also possess an intron between the PAI and RED domains and it has been previously suggested that this may, indeed, indicate the disparate origins of the bipartite PAIRED domain constituents . The 5′ end of the sv cDNA we isolated would encode at least six and up to 28 amino acids of non-conserved sequence before the conserved RED domain begins (depending on start codon usage), which would be a significant deviation from its typical, conserved structure.
To ascertain whether Nasonia sv has a PAI domain despite its apparent absence from genome sequence, we used genomic PCR to validate the colinearity of the sequence assembly upstream of the Nasonia sv putative start, using 1 kb amplimers with 70 bp overlap. We confirmed that no PAI sequence was encoded in at least 3.5 kb of upstream sequence. However, further upstream, our PCR data suggested some deviation from the genome sequence as assembled (data not shown), leaving open the possibility that the PAI domain sequence may appear absent from the genome because of errors in the assembly. The RED domain of Nasonia sv is highly conserved, differing by only one similar amino acid from its ortholog in the honeybee, and by only two non-similar amino acids from its ortholog in Drosophila (data not shown).
The Nasonia sv gene model is predicted to terminate just after the end of the PD, which would create a truncated protein lacking the OP and partial HD found in Tribolium and Drosophila, but which were also absent from the predicted gene in Apis. We used BLAST to interrogate the Nasonia genome using the Tribolium sv OP motif and partial HD as a query sequence, and indeed, found an OP and partial HD in the genomic region downstream of the predicted Nasonia sv locus. Using oligos corresponding to the ends of these putative domains, two additional unannotated 3′ exons were successfully cloned from cDNA, and sequencing confirmed that they contain the OP and partial HD of Nasonia sv ( Fig. 1 ; sequence provided in Supplementary Data). This downstream sequence includes a long polyglutamine tract, which is not present in any frame in the corresponding Apis genomic sequence (data not shown). More recent gene models in Apis have identified a similar sequence that is quite conserved with the Nasonia sequence.
To determine whether expression of Nasonia sv with its unusual N terminus, resembles sv from other insect species, we used the large fragment of Nasonia sv as a probe for in situ hybridizations. Interestingly, while sv expression in early blastoderm embryos seems to be low level and ubiquitous, sv mRNA appears to be basally localized in embryos at the onset of cellularization (Fig. 2I ). This localization persists even as embryos begin to gastrulate (Fig.  2J ). This localization has not been reported for sv in other insects. In Drosophila, sv is expressed in the developing CNS and PNS in a segmentally repeated pattern and in the primordium of the eye (Fu & Noll, 1997) . Nasonia sv is expressed in late stage embryos in the anterior (Fig.  2K, L) , in what are probably precursors of head structures.
Pox-meso
Pox-meso (LOC100116076) is a member of the Pax 1/9 subgroup of the Pax gene family, whose members are distinguished by the absence of a HD. Pox-m is expressed in somatic mesoderm precursors in both flies and mouse, and has recently been shown to be important at several stages of myogenesis Duan et al., 2007) . Nasonia pox-m has one predicted open reading frame of 206 amino acids, and a second predicted variant that includes a short poly-glutamine tract N-terminal to the second exon, resulting in an open-reading frame of 215 amino acids. The second of the gene's 5 exons encodes its 128 amino acid PD. The poxm PD is 91% identical and 97% similar to the PD of its Drosophila homolog and 99% identical and similar to that of its Apis homolog. We cloned a cDNA fragment of Nasonia pox-m that includes the short polyglutamine tract. As is characteristic of the Pax1/9 subfamily, Nasonia pox-m lacks a HD and possesses a conserved OP-like motif located about 25 amino acids from the C-terminus of its PD. The OP (HTVHDILS) is relatively well conserved among Apis, Tribolium, Nasonia and Drosophila (Fig. 3) .
Pox-neuro
Pox-neuro (LOC100122671) is a member of the PaxA/C subgroup, which is thought to have arisen as a distinct lineage from pox-m and prd/gsb/gsb-n (Noll, 1993) . In flies, pox-n is expressed in a segmentally reiterated pattern, and is utilized extensively in the peripheral nervous system where it is involved in generation of polyinnervated sense organs for chemosensation Dambly-Chaudiere et al., 1992; Nottebohm et al., 1992) . Similar to other PaxA/C group members, Nasonia pox-n lacks a HD, but possesses an OP motif (YSIEELLK) about 40 amino acids from its N-terminus. This motif is adjacent to an additional block of at least six amino acids that are highly conserved among homologs in Apis, Tribolium, Drosophila and Nasonia, suggesting possible functional importance of these residues in addition to the OP motif. Five exons comprise an open reading frame of 384 amino acids in the nearly full length cDNA for pox-n that we cloned. Interestingly, the second exon of this cDNA, which encodes the beginning of the conserved RED domain, begins with a sequence (ADCLQ) that is not normally found in PDs. This sequence is found in the linker region between the PAI and RED domains and directly precedes the fourth alpha helix of the PD and, therefore, is unlikely to disrupt the ordered alpha helices of the RED domain that follows it. Despite the addition of this nonconserved sequence in pox-n's PD, the region still exhibits 82% identity and 94% similarity to the PD of its Drosophila homolog and 91% identity and 98% similarity to the PD of Apis pox-n.
Eyeless
The Pax4/6 group includes the Drosophila genes ey and toy. Drosophila ey is a master regulator of eye development, specifying tissue for eye differentiation, since ectopic expression of this gene is sufficient to induce extra eyes on leg or wing tissue (Halder et al., 1995) , and mutants for this gene have reduced or absent eyes (Quiring et al., 1994) . It is highly conserved both structurally and functionally; the mouse Pax6 mutant called small eye exhibits similar mutant phenotypes, despite major differences in eye type between flies and vertebrates (Hill et al., 1991) . The Nasonia ey locus (LOC100116958) spans a 40 kb genomic region, over 8 predicted exons. We isolated a cDNA fragment that spans exons one to six, and sequencing revealed that the fourth and fifth of these predicted exons are not expressed. This cDNA fragment includes a polyglutamine tract of about 26 amino acids located just after the PD that is not present in any gene model (GenBank accession number GQ301537). The inclusion of this fragment was confirmed in three independent RT-PCR experiments from two different RNA preps (data not shown), suggesting that this splice form is indeed present and consistently abundant. Nasonia ey has both a complete PD of 128 amino acids and a HD of 60 amino acids. In addition, there is an OP-like sequence located between the PD and HD (Fig. 3) . This sequence of eight amino acids is highly conserved among ey and toy homologs in insects. The OP-like sequence (ESVYDKLR) is 100% identical in Nasonia, Tribolium and Apis and only the serine residue (S) is different in Drosophila where it is an alanine (A) (Fig. 3) . Similar to pox-n, the ey OPlike sequence is flanked by several additional highly conserved amino acids of unknown function. The PD of Nasonia ey is identical to the PD of ey in Apis and 98% identical to that of Drosophila.
The expression of Pax6 in a variety of invertebrates and vertebrates has been reported (Callaerts et al., 1997) . In flies, ey expression comes on during gastrulation in a population of cells that prefigures the brain and the eye field (Quiring et al., 1994) . To determine whether the expression of ey in Nasonia resembles that of other insects, we used a cDNA fragment as a template for an in situ probe and examined the expression of Nasonia ey. Nasonia ey is expressed in early embryos, in a population of cells in two spots on the dorsal side of the early embryo (Fig. 2M ). This population of cells is evident on the dorsal side of gastrulating embryos (Fig. 2N black arrowhead, Fig. 2O arrowheads) during germ band extension, during which time segmental expression can also be transiently seen on the ventral side, appearing in an anterior to posterior fashion (Fig. 2N, open arrowheads and Fig. 2O ). When germ band retraction is complete, strong staining of the future eye tissue on the dorsal side of the embryo is all that remains (Fig. 2P ). This pattern of expression closely resembles the segmental expression in embryos and the expression in the eye primordium reported for Drosophila ey (Quiring et al., 1994) .
Twin of eyeless
The second member of the Pax4/6 subgroup in wasps is the ey duplication partner toy. In flies, toy was shown to lie upstream of ey in the eye-specification pathway, binding directly to the ey enhancer via its PD, which differs from that of ey by one critical amino acid (asparagine instead of glycine at position 14). This distinction permits toy to activate ey, but does not permit ey to autoactivate (Punzo et al., 2004) . Nasonia toy (LOC100118963) spans a genomic interval of 16 kb, and like its fly counterpart, possesses the critical asparagine at position 14, suggesting possible conservation of specificity. Nasonia toy possesses a complete PD and HD. While Pax4/6 proteins in other species have not been reported to possess a canonical OP, Nasonia ey and toy possess an identical OP-like motif (ESVYDKLR) (Fig. 3) . The gene has a predicted open reading frame of 531 amino acids. Gene models predict the presence of 6 exons; however, the fragment we cloned lacks the third of these. The PD of Nasonia toy is highly conserved among insects. It is identical to the PD of Apis toy and 96% identical and 98% similar to the PD of its Drosophila homolog.
Eyegone
Eyegone, initially called lune, is thought to act similarly to and cooperatively with eyeless, since both genes cause eye reduction in mutant animals and ectopic eyes (in distinct locations) in overexpressors (Jang et al., 2003) . Eyg is not a member of any Pax subgroup because it lacks the N-terminal PAI domain. The protein also lacks an OP motif, but has a complete S50 type HD. In flies, eyg was shown to be able to bind DNA through either its RED domain or its HD (Jun et al., 1998) , demonstrating the versatility in DNA binding of Pax proteins. Nasonia eyg spans 2.8 kb (LOC100122710) in the genome, a relatively compact locus compared to most Nasonia Pax genes. Similar to the prediction for prd, the PD of eyg is predicted to begin unusually far from the protein's N-terminus (approximately 240 amino acids away). Six predicted exons, the third and fourth of which encode a partial PD and complete HD, create an open reading frame of 649 amino acids. The Nasonia eyg partial PD is 84% identical and 91% similar to the partial PD in Drosophila eyg and 99% identical and 100% similar to the PD in Apis eyg. Phylogeny of Nasonia vitripennis (Nv) Pax genes. After initial identification of the Pax genes using BLAST, we aligned the Pax protein sequences from several insects using the program ClustalX (Fig. S2) . We included our empirically derived Nasonia Pax protein sequences if the entire region between PD and HD was cloned, and used predicted Nasonia sequences in all other cases, as well as Pax protein sequences from flies, beetles, grasshoppers and honeybees in the alignment. Using the phylogenetic analysis software PAUP*, we generated a phylogenetic tree using Maximum Parsimony with 1000 bootstrap repeats with 10 fold sequence repetitions (Fig. 4) . This tree supported the Pax gene assignments made using BLAST.
The tree seems to validate Gnomon predictions of orthology as each Nasonia sequence is grouped similarly to homologs from other insects, and in all cases, the groupings match the automated predictions/assignments for that Nasonia sequence. Nasonia Pax genes generally group more closely with their Apis counterparts than with their Drosophila ones, consistent with their shared hymenopteran lineage. The duplication events that gave rise to paired/gsb/ gsb-n and to ey/toy in insects are also apparent. Our tree also places sv in the same lineage as pox-n, whose PDs are very similar, supporting a common origin that has been postulated previously (Noll, 1993) . Though previous analyses of Apis (Osborne & Dearden, 2005) , and Schistocerca (Davis et al., 2001) had not resolved the identities of several Pax Group III (PGIII) genes, leaving them more generally named 'Pairberry1' and 'Pairberry2', our tree grouped the gsb-n genes together (now labelled Apis gsb-n, and Schistocerca gsb-n) with relatively high confidence with their orthologs from other insects, while supporting assignments made for Tribolium gsb and gsb-n (Richards et al., 2008) . Hymenopteran prd sequences grouped together. The remaining gsb sequences are not grouped based on the tree alone; however, OP signatures corresponding to each Pax family added additional confidence in assigning these to a gsb group, as well as in confirming the other PGIII assignments (discussed below).
Discussion
Here, we report the cloning and identification of the seven Pax genes of Nasonia vitripennis. We find that Nasonia shares most of the Pax gene repertoire of the well-studied fly genome, but lacks gsb and gsb-n, two of the three derivatives of an ancient lineage that also produced prd. Nasonia also lacks toe, a gene also absent from Apis and Tribolium, suggesting that it is not a recent loss from the hymenopteran lineage, but rather was likely a duplication that arose in another part of the insect order. Several Pax proteins in Nasonia possess poly-glutamine tracts, which are absent from products of orthologous genes in other insects. This seems to be a feature common to a number of proteins in Nasonia (RGK, MIR, J.A. Lynch, pers. comm.) . We cloned cDNA fragments of several Pax genes that deviated significantly from initial gene models and identified regions that may be misassembled in the genome assembly, suggesting a moderate rate of error in these models, and the need for validation and caution when interpreting apparent gene loss (see below). While most Nasonia Pax genes have very similar structure to their orthologs from other insects, we find that sv appears to lack the N-terminal PAI portion of its PD, a change whose functional consequences are not known.
Sequence and expression of Nasonia shaven
Despite gene models predicting a single exon encoding a truncated protein, we have cloned a fragment of Nasonia sv that encodes a RED domain, an OP and a partial HD. While a single exon was intially also predicted for the Apis gene, we were able to interrogate the Apis genome for the same type of sequence found in Nasonia, using BLAST, and more recent gene models make clear that Apis sv possesses significant additional conserved sequence (Supplementary Data). The Apis gene possesses an intact PAI domain, which Nasonia seems to lack, as well as a RED domain. While the RED domain and OP are often encoded in the same exon, as in Nasonia sv, Apis sv is predicted to splice differently, and no OP, either on the same or an additional exon, is evident. However, there is still an N-terminal remnant of a HD that resembles the Nasonia (and Tribolium) sequence. The Apis genome may encode a protein lacking the OP, but sequence gaps in the region leave open the possibility that the missing sequence is, in fact, present in the genome; Nasonia expresses a message encoding a truncated protein, lacking an N-terminal PAI domain, but otherwise possessing all of the conserved features of sv. Among known Pax proteins, eyg is the only gene that possesses a RED domain only, and this has been shown in flies to be sufficient for DNA binding (Jun et al., 1998) , suggesting that Nasonia sv could bind to DNA despite the lack of a PAI domain. Mammals possess an isoform of Pax6 (Pax6-5a) that contains an insertion within the PAI domain that causes a shift in its specificity, making it functionally equivalent to eyg (Epstein et al., 1994) . Together, these data show that within the hymenopteran lineage, sv has undergone extensive changes that likely represent significant changes in function.
Nasonia sv mRNA localizes strongly to the cortex of the cellular blastoderm, in what appears to be basal cellular localization. To our knowledge, this type of mRNA localization has not been reported for Pax 2/5/8 orthologs from other species.
Pax gene octapeptides
The OP motif was first identified by virtue of its extreme conservation between human and fly Pax genes . The OP motif is often encoded by the same exon that encodes the C-terminal end of the PD (Noll, 1993) , although there are exceptions to this rule (e.g. Nasonia pox-m). It is noteworthy that the domain structure of Pax genes is largely conserved in insects. In some Pax genes, such as pox-n, there is additional sequence adjacent to the OP (five amino acids N-terminal to the OP) that is perfectly conserved among insects surveyed (data not shown) that may be related to its function. It has been suggested that the nucleotide sequence that encodes the OP can serve as a scaffold for recruitment of methylation/ demethylation machinery to the host Pax gene locus (Ziman & Kay, 1998) . One report has shown that the OP of a vertebrate Pax 5 (BSAP) is able to recruit a potent co-repressor to convert it from an activator into a repressor (Eberhard et al., 2000) .
Alignment of the Pax OPs from a variety of insects (Fig. 3) highlights the significant resemblance that this motif bears to a Groucho-binding motif called eh-1 (Fig. 3, grey) , which is present in many developmental transcription factors, including odd-skipped, engrailed, vnd, msh, Oct, six, and goosecoid (gsc) (Goriely et al., 1996; Jimenez et al., 1997; Goldstein et al., 2005) . Groucho is an important co-repressor protein that recruits histone deacetylases to bound targets to effect transcriptional silencing (reviewed in (Parkhurst, 1998) . Positions two and seven of the OP [a serine/threonine (S/T) and leucine, respectively] are nearly perfectly conserved among reported OPs (Noll, 1993) . Interestingly, all eh-1 domains that bind Groucho strongly in vitro possess S/T at position two and I/L at position seven (Goldstein et al., 2005) . In addition, position one, usually a Y, can accommodate an F (another aromatic amino acid) with no ill effects, but mutation to E abrogates Groucho binding, showing this position to be critical for function (Jimenez et al., 1999; Eberhard et al., 2000) . Conservation of insect OPs is also consistent with tolerance of H at this first position (Fig. 3) . Overall, OPs from gsb/ gsb-n, pox-m, pox-n, and sv share significant similarity to the gsc eh-1 in 4-6 of 8 residues, in an otherwise non-conserved region of their host proteins. It will be interesting to determine if these conserved OPs mediate protein-protein or intra-molecular domain interactions, and whether they are, like eh-1, able to contribute to transcriptional repression of target genes through recruitment of Groucho.
Pax-6 proteins, ey and toy
Our data confirm the presence of a complete PD and HD in both Nasonia ey and toy, but also identify a previously unrecognized OP-like sequence between the PD and HD in both proteins. This sequence (ESVYDKLR) not only shows conservation of the second and seventh residue, two positions that are almost invariant in bona fide OPs, but the peptide is extremely well conserved in its entirety among insects (Fig. 3) . Interestingly, we find that human Pax6, but not Pax4, possesses an OP-like sequence (DGMYDKLR) that aligns well with our insect OP. This sequence is significantly divergent from known OPs, importantly at position one, where the conserved E would be predicted to abrogate its putative function in Groucho-recruitment (Eberhard et al., 2000) . Its extreme conservation across species nevertheless suggests functional constraint.
Whatever its origin or function, we have observed that the OP, in addition to group specific differences in the conserved paired-box and/or HD of Pax genes, is strongly correlated with the identity of its host Pax gene (Fig. 3) , most significantly for Pax Group III genes (gsb/gsbn/prd) (discussed below). Nasonia prd and its origins. Paired, a pair-rule gene in flies, is thought to have arisen from an ancestral gene that duplicated, giving rise to prd and a gsb/gsb-n gene, followed by another duplication to give gsb and gsb-n (Balczarek et al., 1997) . There is only one gene from the prd/gsb/gsb-n lineage in Nasonia, as compared to the complete suite of three genes in Drosophila. Three PGIII genes exist in Tribolium, suggesting that two genes have been lost in the lineage leading to Nasonia. The determination of which of the three pairberry derivatives is left in Nasonia was complicated by the uncertain assignments of pairberry derivatives from other species, including Schistocerca and Apis (Davis et al., 2001; Osborne & Dearden, 2005) .
We built a tree by aligning the Pax Group III (PGIII) sequences from Tribolium, Apis, Drosophila and Nasonia to determine the identity of the Nasonia gene. Apis possesses all three genes, suggesting that the loss of the other two genes has occurred within the hymenopteran lineage. Furthermore, the Nasonia gene groups with high confidence with Drosophila prd, separately from the other fly PGIII genes gsb and gsb-n. In addition, prd lacks an OP while both gsb and gsb-n possess one. Since most Pax genes possess OP or OP-like sequences, and all PGIII genes arose from a common ancestor, the ancestral pairberry gene most likely possessed an OP; the single Nasonia protein does not. Thus, we conclude that that single Nasonia PGIII gene is, indeed, prd. Nasonia therefore develops properly without the two missing genes. It is still formally possible that these genes are present in the Nasonia genome and simply absent from the genome assembly and available sequence. However, this would not change our assignment of the annotated gene as paired.
It was during this analysis that it also became clear that all available gsb and gsb-n sequences share a perfectly conserved OP which is distinct for each gene (Fig. 3) . The OP for all gsb homologs is HSIDGILG, for gsb-n homologs, YTIDGILG (YTINGILG in flies) and for prd homologs the OP is absent. Furthermore, the amino acid adjacent N-terminal to all gsb OPs is N while all gsb-n homologs have a D at this position. This clear difference between gsb and gsb-n distinguishes these two genes. We tested this correlation on Apis pairberry 1 and 2, which had been previously unresolved (Osborne & Dearden, 2005) , and found that one possessed a perfect gsb type OP and the other gene a perfect match to that of gsb-n. Phylogenetic analysis confirmed that the PGIII genes sorted using this method were indeed correctly assigned (Fig.  4) .
The Tribolium genome also has three PGIII genes, of which one (prd) has been described (Choe et al., 2006; Choe & Brown, 2007) . However the identities of the two other PGIII genes, LOC663057 and LOC663027, found in the beetle genome have not been validated, though given tentative assignments (Richards et al., 2008) . The OPs of these genes are characteristic of gsb and gsb-n genes, respectively, and our phylogenetic tree groups these genes with other gsb and gsb-n homologs (Fig. 4) . Furthermore, these two genes are located next to each other in the genome, a hallmark of duplicated genes, and have likely remained proximal to each other because of shared regulatory sequence between them. Taken together, these data add additional confidence to the characterization of these Apis and Tribolium PGIII genes as homologs of gsb or gsb-n.
There are only two reported pairberry genes in Schistocerca and they could not be assigned previously (Davis et al., 2001) . Both of these sequences have incomplete sequences reported (30 amino acids shorter than for other PGIII genes). Phylogenetic analysis revealed that these two genes were more closely related to each other than to either gsb or gsb-n homologs from other insects, which was interpreted to mean that this duplication occurred independently in Schistocerca (Davis et al., 2001) . Our analysis segregates these genes with their orthologs from other insects, with moderate bootstrap support. If we apply the OP signature as a classification criterion to the same genes in Schistocerca, we find that one paralog possesses a perfect gsb type OP and the other paralog a gsb-n one. We have therefore assigned these genes according to this homology (Fig. 4) . We believe that the correlation will be borne out by phylogenetic analysis when full-length sequence is available for Schistocerca, and we propose this method of identification as a reliable tool in the classification of PGIII genes.
The sequencing of the Nasonia genome has enabled the rapid, genome-wide study of important gene families, such as the Pax family, which we report here, revealing several interesting features of these genes both within the hymenopteran lineage and others shared by all insects studied to date. Sequencing of additional insect genomes will add significantly to the power of these analyses and enable mapping of the protein domains that have transited via selection through evolution.
Experimental procedures Pax gene identification and cloning
All Nasonia Pax genes were initially identified using NCBI TBLASTN, using the PD from Drosophila paired as the query sequence for identification of all PD containing (putative Pax) genes in Nasonia. To determine which of these genes also possessed an S50, paired-like HD, an additional search was performed using the entire region spanning the Drosophila paired PD and HD. These candidates were cloned using standard RT-PCR methodology according to manufacturer's specifications using Superscript II (Invitrogen, Carlsbad, CA, USA) and total RNA from embryos and adults extracted using Trizol (Invitrogen). Oligos for PCR were designed based on predicted gene models (NCBI pipeline; (Kapustin et al., 2008) . In cases where predictions were incorrect or incomplete, we used predicted or reported protein sequence from Tribolium and Apis genomes, which are publicly available, as references for gene structure prediction and oligo design. Sequences for comparative analysis were obtained from other insect genomes from GenBank, and subsequently, using TBLASTN, to identify or confirm the identities of predicted but un-annotated genes, on Beetlebase (http://beetlebase.org) and using the UCSC genome browser (http://genome.ucsc.edu). Partial cDNA sequences that we obtained have been deposited in GenBank, and the accession numbers assigned are as follows: prd: GQ301535; sv: GQ301540; pox-m: GQ 301536; pox-n: GQ 301539; ey: GQ301537; toy: GQ301541; eyg: GQ 301538.
Sequence alignments and phylogenetic tree construction
ClustalW 2.0 was used to generate sequence alignments of protein sequences (Thompson et al., 1994) , and these were rendered using MacClade (Sinauer Associates, Sunderland, MA, USA). To improve the quality of our alignments, only sequence between the start of the PD and the end of the HD was used. Phylogenetic trees were generated using PAUP* (Sinauer Associates), using a Maximum Parsimony bootstrap algorithm with 1000 bootstrap replicates with 10 additional sequence replicates each. The final tree was rendered using Dendroscope (Huson et al., 2007) . Branches with bootstrap values of <60 were collapsed.
Nasonia embryo collections and in situ-hybridization
Wild-type Nasonia cured of Wolbachia (AsymCx) were maintained at 22 °C, and embryos collected and fixed as previously described (Olesnicky et al., 2006) . Digoxigenin labeled probes of an average length of 600 bp corresponding to cloned Nasonia Pax gene fragments were generated by in vitro transcription using either T7 or SP6 polymerase according to manufacturer's specifications (Roche, Indianapolis, IN, USA).
Supplementary data
Refer to Web version on PubMed Central for supplementary material.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Domain structure of Nasonia Pax proteins. Pax proteins are characterized by several conserved domains, represented by boxes. The paired domain (PD), spanning 128 amino acids (blue) is characteristic of this family, and is shared by all members, while some members possess an additional octapeptide (OP) or OP-like motif (8 amino acids; yellow) and/or a partial (red dashed) or full (60 amino acids; red) homeodomain (HD). This similar protein architecture can be achieved by several different genomic locus architecture strategies (splice sites are indicated by black arrowheads). While eyegone in insects always lacks the sequence encoding the Nterminal portion of the PD, all other insect Pax genes usually possess this sequence. Nasonia shaven apparently lacks this subdomain (black dashed box). Gene models predict that the Nterminus of Nasonia paired is 475 amino acids away from the PD, which would make it exceptionally distant, and a departure from the characteristic structure. It is therefore indicated with a *. Alignment of Pax octapeptides (OPs) from insects reveals Pax subgroup signature, and uncovers a previously unreported octapeptide motif present in Pax4/6 proteins. OPs from Pax gene products are given and aligned, with adjacent conserved amino acids, in some cases. Positions within or relative to the OP are given as numbers above the alignment, where 1 is position 1 of the OP. The consensus sequence for these OPs is given below each gene family, which is coded by color: gsb (green), gsb-n (orange), pox-m (purple), pox-n (blue), shaven (yellow). Signature sequences distinctive for each Pax gene family comprising residues within the OP or in combination with adjacent amino acids, are highlighted with color and indicated in bold for each sequence group. An OP-like sequence was identified between the paired domain and homeodomain of Pax 4/6 proteins. Available insect OP-like sequences from ey and toy (pink) are aligned, with the signature sequence in bold at the bottom of each group. Two neighbouring amino acids constitute a distinguishing feature within this subgroup, indicated by shading (vertical or horizontal stripes). Phylogenetic tree. A phylogenetic tree was generated from insect Pax protein sequence alignments (using sequence between the start of the paired domain and the end of the homeodomain) using Maximum Parsimony bootstrap analysis with 1000 repeats and 10 add sequence repeats. Gene families are indicated by colour, and numbers adjacent to a branch indicate bootstrap support value.
